RA synovial tissue (ST) was studied to determine if and where apoptosis occurs in situ. Genomic DNA was extracted from 5 RA and 1 osteoarthritis ST samples. Agarose gel electrophoresis demonstrated DNA ladders characteristic for apoptosis from each tissue. In situ end labeling (ISEL) was used to identify DNA strand breaks consistent with apoptosis in frozen sections. 12 RA and 4 osteoarthritis ST were studied by ISEL and all were positive, but only 2 of 4 normal tissues were positive. The primary location of apoptotic cells was the synovial lining. Some sublining cells were also positive, but lymphoid aggregate staining was conspicuously absent. Immunohistochemistry and ISEL were combined and showed that the lining cells with DNA strand breaks were mainly macrophages, although some fibroblastlike cells were also labeled. Sublining cells with fragmented DNA included macrophages and fibroblasts, but T cells in lymphoid aggregates, which expressed large amounts of bcl-2, were spared. DNA strand breaks in cultured fibroblastlike synoviocytes was assessed using ISEL. Apoptosis could be induced by actinomycin D, anti-fas antibody, IL-1, and TNF-a but not by IFN-y. Fas expression was also detected on fibroblast-like synoviocytes using flow cytometry. Therefore, DNA strand breaks occur in synovium of patients with arthritis. Cytokines regulate this process, and the cytokine profile in RA (high IL-1/TNF; low IFN-y) along with local oxidant injury might favor induction of apoptosis. (J. Clin. Invest. 1995.96:1631-1638
Introduction
Apoptosis, or programmed cell death (PCD),1 is a stereotypic method of cell death that can be distinguished from necrosis (1) . During the early stages of apoptosis, nuclear chromatin condenses and DNA is digested into nucleosome-sized fragments. The cell volume decreases and small bodies containing nuclear debris and cellular organelles are surrounded by plasma membrane and extruded from the cell. These are subsequently removed from the local environment via ingestion by phagocytic cells. Apoptosis can be induced by a variety of stimuli in vitro, including oxygen radicals, inhibitors of RNA transcription, heat shock, ethanol, cytokines, and anti-fas antibody (1) (2) (3) (4) (5) .
PCD is thought to play a critical role in many immune functions, including thymic selection and down-regulation of immune responses to viruses (6) (7) (8) . Apoptosis is also involved in the regulation of cytokine production, and induction of PCD in macrophages causes processing of 1L-1/3 precursor to an active form (9, 10) . It should not be surprising, therefore, that defective apoptosis has been related to autoimmunity. For instance, in the MRL/lpr strain of mouse that develops a disease like systemic lupus erythematosus, there is a defectivefas gene that subsequently interferes with physiologic PCD (11, 12) . This leads to massive lymphocyte accumulation, lymphadenopathy, and production of pathogenic antibodies, including antidouble stranded DNA antibodies. Elevated levels of soluble fas might contribute to delayed apoptosis and autoimmunity in SLE and administration of soluble fas to mice induces lupus-like manifestations (13) . Another study suggested that the rate of peripheral blood lymphocyte apoptosis might be increased in SLE (14) .
There is no information on PCD in the rheumatoid arthritis synovium. Previous reports have focused on neutrophil apoptosis in synovial fluid ( 15 ) , and cells in inflammatory joint effusions show morphologic features of PCD (16) . However, the reason for synovial hyperplasia, a characteristic change in rheumatoid arthritis joint tissues, and its relation to apoptosis is obscure. A simplified view of tissue growth is an imbalance between proliferation and cell death (along with a net influx of cells into the tissue from the blood in the case of a nonmalignant disease like rheumatoid arthritis). If anything, current notions suggest that apoptosis might be diminished in the synovium which, in conjunction with synovial lining cell proliferation, contributes to synovial hyperplasia (17) . Therefore, we attempted to determine the extent of PCD in RA synovium anticipating that we would find only limited evidence. To our surprise, DNA fragmentation consistent with apoptosis is quite prevalent in RA synovium, especially in intimal lining macrophage-and fibroblast-like cells. T (18) . One RA tissue was obtained by percutaneous synovial biopsy as previously described ( 19) . Four normal synovial tissues were harvested post-mortem from patients without previous history of arthritis. The post-surgical specimens were placed on ice and subsequently snap frozen within 1 h. The post-mortem specimens were processed within 12-24 h after death.
Synoviocyte culture. Synovial cells were isolated by enzymatic dispersion of synovial tissues as previously described (18) . Briefly, the tissues were minced and incubated with 1 mg/ml collagenase in serumfree DME (GIBCO, Grand Island, NY) for 2 h at 370C, filtered through a nylon mesh, extensively washed, and cultured in DME supplemented with 10% FCS (endotoxin content < 0.006 ng/ml; GIBCO), penicillin, streptomycin, and L-glutamine in a humidified 5% CO2 atmosphere. After overnight culture, nonadherent cells were removed and adherent cells were cultivated in DME plus 10% FCS. At confluence, cells were trypsinized, split at a 1:3 ratio, and recultured in medium. Synoviocytes were used from passages 3 through 9 in these experiments, during which time they were a homogeneous population of FLS ( < 1% CD1Ib, < 1% phagocytic, and < 1% Fc-y RH receptor positive).
Methodfor harvesting tissue DNA. About 100 mg of synovial tissue (ST) was lysed on ice for 30 min in 10 mM NaCl, 10 mM TrisHCl pH 7.5, 1 mM EDTA plus 0.2% Triton-X. The nuclei were pelleted at 13,000 g at 4°C for 15 min. The supernatant (containing low molecular weight DNA) was transferred to a fresh tube. RNase A (final concentration 50 gg/ml) was added to the supernatant and incubated at 37°C for 1 h. Proteinase K (final concentration 100 dig/ml) was then added and incubated for an additional 4 h at 50°C. The DNA was extracted with phenol/chloroform twice and precipitated from the aqueous phase overnight after the addition of 0.1 vol of 3 M sodium acetate and 2.5 vol 100% EtOH. DNA was recovered by centrifugation at 13,000 g at 4°C for 20 min and washed once with 70% EtOH. The DNA pellet was resuspended in Tris-EDTA buffer. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ,g of DNA from each sample was subjected to electrophoresis on 1.5% agarose gel containing ethidium bromide and visualized under UV illumination.
In situ end labeling (ISEL) assay. Fragmented DNA was detected in cell nuclei using a modification of previously described methods (20, 21) . Frozen section of synovial tissue (5-6 tim thick) were placed onto poly-L-lysine-coated slides and air dried for at least 2 h. For studies of fibroblast-like synoviocytes, cells were grown to confluency in 4-chamber Lab-Tek slides (Nunc, Inc., Naperville, IL) and treated with apoptosis-inducing agents for 16 h. The tissue sections or FLS were then fixed with EtOH/acetic acid 3:1 for 10 min at room temperature and washed with buffer 1 (see below) for 5 min. The slides were then air dried for at least 2 h. 10-15 jil of DNA polymerase mix were added to each section and incubated at room temperature for 1 h. The sections were washed with buffer 1 (see below) for 5 min at room temperature followed by a wash in buffer 2 for 5 min. Alkaline phosphatase conjugated antidigoxigenin antibody was diluted to 1:500 in buffer 2 and 15-20 ,l was applied to each specimen. The slides were incubated at 37°C for 2 h in a humidified chamber and then washed with buffer 1 for 5 min. They were then equilibrated with buffer 3 for 5 min and the color reagent (NBT + BCIP) was added to the specimens. After 30 min the slides were washed with distilled water, counterstained with eosin or methyl green, and dehydrated with graded alcohol washes. The developing reagent gave a dark purple color for positive signals. Buffers: lOx DNA polymerase buffer = 0.5 M Tris HC1 pH 7.5, 0.1 M MgCl2, 1 mM DTT; lOx nucleotide mix = 1 mM each of dATP, dCTP, and dGTP, 0.4 mM dTTP; DNA polymerase mix = lOx DNA pol buffer (2 MI), lOx nucleotide mix (2 pl); 100 jIM digoxigenin-II-dUTP (0.5 jil), Klenow polymerase (2 ,q [2U]), water (13.5 Ml); buffer 1 = 100 mM Tris HCI pH 7.5, 150 mM NaCl; Buffer 2 = 0.5% blocking agent in buffer 1; buffer 3 = 100 MM Tris HCl pH 9.5, 100 MiM NaCl, 50 /JM MgCl2.
Quantification of ISEL assay. For FLS cultured in chamber slides, the percentage of positive cells was determined for each condition by counting 300-500 cells in the chambers. A semiquantitative scale was used to estimate the degree of ISEL staining in tissue sections that had been counterstained with methyl green to distinguish ISEL-positive and -negative cells. Four areas were reviewed by a blinded investigator: the synovial intimal lining, the sublining, blood vessels, and lymphoid aggregates. The extent of staining in the area was estimated and scored as follows using a previously established semiquantitative method (22): 0 = negative; 1+ = rare positive cells in a specific region; 2+ = scattered clusters of positive cells in a specific region; 3+ = moderate staining in a specific region; and 4+ = extensive staining in a specific region.
Immunohistochemistry in combination with ISEL. Because anti-CD68 and -CD45RO antibodies did not bind to ethanol:acetic acid treated sections, double staining studies were performed on acetone fixed tissue (5 min at 40C). This fixative optimized immunoperoxidase staining, although the ISEL signal was not as well localized to nuclei (perhaps due to leaching of DNA fragments into the cytoplasm). The ISEL procedure was then performed as above. However, before addition of antidigoxigenin antibody, standard immunohistostaining was performed. The primary antibody (anti-bcl-2, -CD68, or -CD45RO) was added for 60 min at room temperature. The control mAb was an isotype matched control at the same concentration. After two washes in PBS plus 0.1% BSA, biotinylated horse anti-mouse antibody (Vector Laboratories, Inc., Burlingame, CA) in 10% human AB serum was added for 30 min. The slides were washed and endogenous peroxidase was depleted with 0.3% hydrogen peroxide in PBS for 15 min. The slides were then washed extensively, incubated with ABC horseradish peroxidase complex (Vector Laboratories, Inc.) for 30 min, and developed with diaminobenzidine. After this step, the antidigoxigenin antibody was added and the ISEL assay was completed as above. The doublestained slides were counterstained with either eosin or 0.1% methyl green.
3HdTr nuclear fragmentation assay. RA FLS were seeded at 104 cells/well in a 96-well microtiter plate. The cells were cultured at 370C and 5% CO2 for 2 d. On the third day, 10 yCi/ml per well of 3HdTR was added to each well and incubated overnight. The cells were then treated with different concentrations of cytokines or antibodies for 8 h or act D for 4 h and then lysed by two rounds of freeze-thaw cycles. Lysed cells and media were aspirated onto fiber glass filters using a cell harvester. The filters were washed to remove unincorporated nucleotides and counted in a liquid scintillation counter. All points were done in triplicates. Percent specific fragmentation was calculated as follows: (S -E) x 100/S, where E = retained cpm on the filter in the presence of cytokine and S = retained cpm on the filter in the medium control (23) . A high percentage of specific fragmentation indicates that DNA was incorporated into low molecular weight fragments that were not retained on the filter.
Flow cytometry. FLS (1-2 X 105) were cultured in 6-well plastic dishes (Costar Corp., Cambridge, MA) in DME-10% FCS. Cells were harvested with 5 mM EDTA at 4°C and stained with anti-fas or control antibody (Kamiya Biomedical Co., Thousand Oaks, CA) as previously described (18) . Phycoerythrin-conjugated Fab2 anti-mouse IgG (Tago Inc., Burlingame, CA) was used as a secondary antibody. An isotype matched mAb was used as negative control. Induction of fas expression by cytokines was calculated from the mean fluorescence channels contained nucleosomal DNA. Low molecular weight DNA was isolated from whole synovial tissue extracts and separated by agarose gel electrophoresis. Six tissues processed were in this manner (5 RA and 1 OA) and each showed the characteristic DNA ladder observed in apoptosis (see Fig. 1 for representative examples). In situ detection ofDNA fragmentation. To determine which cells contained fragmented DNA in synovial tissue, an ISEL assay was used. This assay was first validated with HL60 cells. Apoptosis was induced in the HL60 cells with act D under conditions that produced a DNA ladder (Fig. 1) . Act D-treated cells were air-dried on slides and tested in the ISEL assay. These cells were strongly ISEL-positive while control HL60 cells cultured without act D were negative (data not shown). The same method was then applied to frozen sections of synovial tissue. 12 RA, 4 OA, and 4 normal synovia were studied. All arthritis tissues but only two of the four normal specimens were positive. Fig. 2 shows a representative example of an RA tissue. Many apoptotic cells were located in the synovial intimal lining. In some tissues, subliming cells were also positive, including interstitial cells and vascular endothelium. However, lymphoid aggregates were conspicuously negative (see Fig. 3 B for an example). The amount of DNA fragmentation was significantly greater in RA lining and sublining compared with OA and normal synovium ( Table I) . As an additional control, a frozen section of an ISEL-negative normal tissue was treated with DNase 1 (0.005 U/ml in 20 mM TrisHCl pH 7.6, 50 mM NaCl, 1 mM DTT for 1 min at room temperature) to nick DNA. An ISEL experiment on this tissue was then markedly positive in the sublining and intimal lining cells (data not shown). To confirm the specificity of the assay, ISEL was also performed on frozen sections of normal human liver and lymph node and the results were negative (data not shown).
A potential concern about the ISEL studies is that DNA strand breaks might actually occur ex vivo (after surgery and before snap freezing). To address this possibility, a percutaneous synovial biopsy from an RA patient was examined using ISEL. That tissue was also ISEL-positive, and staining was equivalent to most other RA tissues even though it was processed and frozen within a minute of procurement. In a separate experiment, a portion of one RA synovium obtained at joint replacement surgery was snap frozen within 20 min after removal from the joint while a second block from the same tissue was maintained at room temperature for 2 h. Frozen sections of both blocks were subsequently studied using the ISEL technique and showed equivalent degrees of staining. Taken together, these experiments strongly suggest that the data obtained with surgical specimens reflects the situation in vivo.
Identification of cells containing fragmented DNA. Immunohistochemistry was combined with ISEL to determine the phenotype of apoptotic cells. As shown in Fig. 3 A, cells (Fig. 3 B) . Some individual CD45RO-negative/ISEL-positive cells were scattered throughout the sublining, suggesting that only the T cells in aggregates were protected from apoptosis.
ISEL-negative cells in lymphoid aggregates express bcl-2. Because T cells in lymphoid aggregates showed little evidence of DNA fragmentation, immunohistochemistry was performed to determine if they expressed the oncogene bcl-2, which protects cells from apoptosis (24) (25) (26) . Bcl-2 expression was low or absent in some tissues, but, when present, it was primarily found in subliming lymphoid aggregates (Fig. 4) .
Apoptosis in cultured FLS. The presence of CD68-negative apoptotic cells in the synovial lining prompted an analysis of the regulation of FLS apoptosis in vitro. Using the ISEL assay on resting FLS cultured in chamber slides, apoptosis was shown to be very low. IFN-y alone had a minimal effect, while antifas antibody, IL-1f3, TNF-a, and act D caused significant DNA fragmentation (Table II) . OA-and RA-derived FLS were both susceptible to induction of DNA strand breaks. IFN-y in combination with these factors significantly reduced FLS apoptosis, while TNF-a was additive with act D. To confirm the effect of each apoptosis-inducing factor, a second assay (3HdTr nuclear fragmentation) was used to quantify DNA fragmentation in cultured FLS. As with the ISEL method, this technique showed that anti-fas, IL-1IP, TNF-a, and actinomycin D each caused DNA fragmentation (Fig. 5) .
Surface fas expression on FLS. Since anti-fas antibody induced DNA fragmentation in FLS, fas expression was determined on these cells using flow cytometry. Many FLS constitutively expressed fas protein on the cell surface (see Fig. 6 for a representative experiment [n = 7; four RA and three OA]). There were no significant differences between OA and RA FLS with regard to the level of surface fas expression on resting synoviocytes. To determine if key cytokines present in inflamed synovial tissue could regulate fas expression, six of the FLS lines (three RA and three OA) were cultured with IL-l3la (1 ng/ml) or TNF-a (100 ng/ml) for 16 sublining infiltration of the synovium with mononuclear cells (27) . This histologic picture presumably results from an imbalance between forces that increase tissue cellularity (e.g., recruitment from blood and local proliferation) and those that decrease tissue cellularity (e.g., cell death and emigration into the blood, lymphatics, or synovial fluid). The accumulation of cells in RA synovium appears to result from a cytokine milieu rife with chemoattractants and growth factors as well as enhanced vascular adhesion molecule expression (22, (27) (28) (29) . However, little is known about how cells leave the joint, particularly the role that local apoptosis might play in synovial homeostasis.
In PCD, nuclear DNA fragments into integer multiples of 200-base nucleosomes. Using gel electrophoresis, this can be visualized as the pathognomonic DNA "ladder." This phenomenon was used as the basis of our pilot studies in RA. Nucleosome-sized fragments were observed in DNA isolated from whole tissue extracts obtained at the time of joint replacement surgery, clearly indicating the presence of apoptosis. However, this technique does not provide information on the location or phenotype of the apoptotic cells. Therefore, an ISEL assay was used to confirm and extend these data by detecting fragmented DNA in situ. Before using this method on synovium, it was first validated using resting and apoptotic HL60 cells. When the same technique was then applied to frozen sections of synovium, all RA synovial tissues showed strong evidence of PCD. The percentage of cells that were positive varied widely among the tissues, with < 5-50% of cells positive in various regions. OA synovium also had evidence of apoptosis, as did some of the normal synovial tissues. However, the extent of staining in the ISEL assay was significantly less in normal and OA synovium than in RA tissue.
The ISEL method, as well as most other methods of in vitro transcription, do not necessarily distinguish between apoptosis and other causes of DNA fragmentation. The presence of a characteristic DNA ladder on agarose gel electrophoresis suggests that a significant percentage of the in situ labeling occurred on cells undergoing apoptosis, although it is not known whether ISEL-positive cells are ultimately removed in vivo. Another potential artifact is that the ISEL-positive material might be nuclear debris from dying synovial fluid cells that is phagocytosed by cells in the synovial intimal lining. This is unlikely, however, since it is relatively easy to distinguish cytoplasmic from nuclear labeling when sections are counterstained with hematoxylin or methyl green. Examination of tissues under high power shows that ISEL-positive regions are clearly located within the cell nuclei. Finally, we considered whether some of the DNA fragmentation could be occurring ex vivo. To investigate this, a percutaneous synovial biopsy from an RA patient was immediately snap frozen and examined using ISEL. The distribution and extent of ISEL-positive cells was similar to that of other RA synovia. In addition, the extent of DNA fragmentation in RA synovium as determined by the ISEL method was not significantly increased at least 2 h after removal from the patient. In other experiments, nonarticular post-mortem tissues (liver and lymph node) were also examined, and none showed evidence of significant labeling. Taken together, these data strongly suggest that the DNA fragmentation identified by ISEL accurately reflects in situ RA synovium.
The most striking evidence for PCD in RA was in the synovial intimal lining, which is comprised of macrophage-like and fibroblast-like synoviocytes. Increased numbers of both cell types contribute to lining hyperplasia in RA, but the percent change in macrophages is thought to be greater. DNA fragmentation was readily detected in this region using the ISEL assay, but the amount of PCD was surprising in light of the previous hypothesis that apoptosis might be low in inflamed synovium (17) . The majority of cells with DNA strand breaks in the lining were CD68-positive macrophages. These terminally differentiated cells are derived from the bone marrow and migrate through the blood stream to the synovium (30) . While little is known about the dynamics of this process, our data suggest that significant turnover occurs and that the lining is continuously repopulated with less mature macrophages. The relative age of mononuclear phagocytes could have a profound influence on the synovial cytokine profile, since younger macrophages are more likely to produce proinflammatory cytokines like IL-1 while mature cells are biased towards antiinflammatory cytokines like IL-ira (31) . The replacement of senescent macrophages by younger ones could help explain the relative defect in IL-Ira production and the overproduction of IL-1 by synovial macrophages (32) . DNA fragmentation in CD68-negative lining cells was also observed. This, at first, seemed paradoxical in light of data indicating that modest FLS proliferation might contribute to synovial hyperplasia (33) . However, apoptosis and cell proliferation can occur simultaneously, a phenomenon likely related to expression of the oncogene c-myc. For instance, introduction of c-myc into fibroblasts increases the rate of apoptosis as well as mitosis (34) . c-myc expression in Rat-I fibroblasts also enhances cell proliferation while down-regulating cell overgrowth through PCD (35) . This protective mechanism to prevent excessive expansion of mesenchymal cells appears to correlate with expression of the tumor suppressor gene p53 (36) . Since expression of c-myc in the synovial intimal lining is abundant (especially in FLS), this could partially explain the high percentage of apoptotic fibroblast-like lining cells despite evidence of local proliferation (37) . Moreover, the mere existence of synovial intimal lining hyperplasia strongly suggests that level of apoptosis in RA, although excessive at first glance, is not sufficient to compensate for local accumulation.
Many sublining cells also stained in the ISEL assay, including macrophages, fibroblasts, T cells and endothelial cells. One especially prominent finding was the lack of apoptosis in lymphoid aggregates, a phenomenon that correlated with bc1-2 expression in the same region. Bc1-2 is a protooncogene that was first identified in follicular B cell lymphomas and is known to block apoptosis (24) (25) (26) . This finding is surprising is surprising when one considers that the vast majority of these cells are CD45RO+ memory T cells, a phenotype often associated with low bc1-2 expression (6). Continuous restimulation of memory T cells, either by lymphokines like IL-2 or by products of activated fibroblasts, can prolong survival by maintaining bc1-2 levels or rescuing from apoptosis by as yet undefined mechanisms (6) . Since IL-2 levels in the joint are very low (38) , the latter explanation seems more likely. Prolonged survival of synovial T cells by this mechanism could contribute to the marked increase of quiescent memory lymphocytes that do not make lymphokines in the rheumatoid synovium. while IFN-y levels are very low (27) . The ability of TNF-a to increase fas expression could also contribute to apoptosis if fas ligand is present in the joint. The cytokine profile of the rheumatoid synovitis (i.e., high IL-I and TNF-a and low IFN-y) therefore favors apoptosis in FLS. Several other aspects of FLS function are also inhibited by IFN-y, including TNF-a mediated proliferation, cytokine production, and collagenase production (18) . An alternative intriguing explanation for the induction of apoptosis in RA synovium is based on a recent observation that PCD can be induced in mesenchymal cells like cardiac myocytes by ischemia and reperfusion (40). A similar situation might exist in the joint, where tissue hyperplasia in combination with increased intraarticular pressure can cause severe local hypoxia and acidosis (41) . Alternating ischemia and reperfusion in the joint could, therefore, lead to oxygen radical forma- . These data correlated well with the ISEL studies performed on FLS cultured in chamber slides (see Table II ).
(-anti-Fas Figure 6 . Fas expression on FLS. Long term cultured FLS express fas protein as determined by flow cytometry. The figure shows a histogram from a representative experiment. The vertical axis shows relative cell number and the horizontal axis shows relative red fluorescence. Cells were stained with either anti-fas antibody or control antibody. In the same experiments, FLS were negative using anti-CD68 antibody (data not shown).
tion, DNA fragmentation, and synovial apoptosis. Interestingly, vascular endothelial cells were apoptotic in many RA synovia as well as in the ischemic rabbit myocardium (40). PCD in synovial endothelium could ultimately contribute to tissue ischemia by causing involution of blood vessels. The presence of PCD in synovium and its regulation by cytokines suggests that apoptosis might be a potential target for therapeutic interventions. However, it is not known whether increasing apoptosis would be beneficial or detrimental in RA. It seems intuitive, based on the histologic features of the disease, that enhanced apoptosis might decrease synovial lining overgrowth or accumulation of T cells. Another potential benefit of increased FLS death might be the local release of the antiinflammatory cytokine IL-lra. An intracellular form of IL-lra accumulates within synovial fibroblasts due to alternative splicing of mRNA (32) , and apoptosis could be one way to increase synovial tissue concentrations of IL-Ira and thus down-regulate the local inflammatory response. Preliminary studies in vitro support this hypothesis, since act D induces FLS to release some IL-Ira into culture supernatants (presumably by inducing PCD) (Firestein, G. S., M. Yeo, and N. J. Zvaifler, unpublished 4/~~ data). Agents that enhance apoptosis could, therefore, serve a dual purpose of decreasing synovial hyperplasia and increasing release of antiinflammatory cytokines.
